New isotopic data from O'Brien Peak, Antarctica, provide constraints on the timing of deformation within the Ross Orogen in the Queen Maud Mountains. U-Pb data, in conjunction with structural data from a mylonitic granite, indicate that sinistral, orogen-parallel ductile shearing occurred after ∼489 Ma, the granite's crystallization age, and , the 40 Ar-
Introduction
Isotopic and biostratigraphic age analyses provide important temporal constraints on orogenesis associated with the assembly of Gondwana and its relation to plate movements and continental configurations Boger and Miller 2004; Squire and Wilson 2005; Squire et al. 2006) . The Ross Orogen in Antarctica is a major early Paleozoic continental arc formed during subduction along the paleo-Pacific margin of Gondwana (Borg and DePaolo 1991; Stump 1995) . The plate tectonic significance of the Ross Orogen (and its northern extension in Australia, the Delamerian Orogen) has been highlighted in recent years by the suggestion that the cessation of convergence along the East African-Antarctic Orogen may have caused a global reorganization in plate motions and/or an increase in convergence rates at ∼515 Ma, resulting in roughly synchronous deformation, magmatism, and orogenic cooling along Gondwana's paleoPacific margin Boger and Miller 2004; Squire and Wilson 2005; Squire et al. 2006; Paulsen et al. 2007 ). Although temporally constrained kinematic data are important for constructing plate kinematic models, large sectors of the Ross Orogen are lacking such data ( fig. 1a ) because of the inaccessibility of the region. The intent of this note is to provide a more precise constraint on the age of deformation at O'Brien Peak in the Queen Maud Mountains by presenting results of U-Pb and 40 Ar analyses of zircons and white mica from deformed and undeformed granites that intrude deformed metasedimentary rocks. Deformation at O'Brien Peak has regional tectonic significance because it is one of the few areas in the mountain range where ductile shearing can be demonstrated to involve a component of sinistral shear parallel to the orogen's structural grain, possibly as Goodge et al. 1993a Goodge et al. , 1993b Cook and Craw 2001; Curtis et al. 2004; Paulsen et al. 2004) . b, Simplified geologic map of the O'Brien Peak study area with sample locations (modified from Katz and Waterhouse 1970) . BG, Byrd Glacier; NG, Nimrod Glacier; BdG, Beardmore Glacier; SG, Scott Glacier; LG, Leverett Glacier; TAM, Transantarctic Mountains; TM, Thiel Mountains. a result of plate motions along the paleo-Pacific margin of Gondwana.
Geology of the O'Brien Peak Area
O'Brien Peak is located in the Queen Maud Mountains ( fig. 1b) , which represent the southern portion of a major Cenozoic rift flank uplift that crosses Antarctica. It is located ∼25 km to the west of Scott Glacier on the south edge of the Ross Ice Shelf along the Transantarctic Mountain Front and was first visited by Gould's party during the 1929 Byrd Antarctic expedition (Stewart 1934) . Linder et al. (1965) described deformed metasedimentary and intrusive rocks that were collected from the area during a 1961-1962 geophysical survey. Katz and Waterhouse (1970) demonstrated that deformed metasedimentary rocks at O'Brien Peak strike NW-SE to E-W, dip at moderate (60Њ) to steep angles (near vertical) to the south, and are generally dominated by marble, with minor quartzites and conglomerates. The northernmost exposures contain well-foliated, medium-to high-grade (amphibolite facies) metasedimentary rocks that are intruded by and intercalated with deformed and migmatized gneisses and granites (Katz and Waterhouse 1970) .
Overall, metasedimentary rocks display tight to isoclinal folds that typically plunge moderately (∼50Њ) to the WNW as well as mineral lineations on foliation planes within marbles and calc-silicate rocks that trend parallel to fold axes and plunge at moderate angles to the SE (Katz and Waterhouse 1970) . These structural relations are substantiated by structural data we collected during field work on the N-S ridgeline to the west of O'Brien Peak ( fig. 1b) . Here, mesoscopic folds have shallow to steep NW-and SE-plunging axes ( fig. 2a ), poles to bedding planes define a great circle girdle with a 17Њ NW-plunging p axis ( fig. 2a) , and axial planar cleavages strike NW-SE and dip steeply NE and SW ( fig. 2a) . At one locality along the northern slope of this ridgeline, we observed a mylonitic granite with a well-developed S-C fabric that intrudes carbonate and clastic rocks ( fig. 2b) . As illustrated by figure 2a, C-planes within this granite strike WNW and dip 60Њ-80Њ S. The granite contains a welldeveloped mineral stretching lineation that plunges 25Њ-48Њ SE ( fig. 2a) , which, as reviewed above, is typical for lineations in the area. In thin Figure 2 . a, Equal-area stereoplot of structural data collected from the O'Brien Peak area. Note that the mylonitic foliation and stretching lineation are subparallel to the traces of cleavage and folds in the area. b, Photomicrograph of an oriented sample of the mylonitic granite showing the S-C fabric and mica fish indicative of left-lateral shear, with the horizontal component of shear parallel to the strike of the shear zone and subparallel to the local trend of fold axes and the strikes of cleavage.
section, quartz and feldspar exhibit undulatory extinction, subgrain development, and sutured recrystallized boundaries. The S-C fabric, along with the asymmetry of mica fish ( fig. 2b ), indicate sinistral-oblique normal shear, with the horizontal component of shear subparallel to the NW and SE trends of folds and the NW-SE strikes of cleavage during deformation in the area. Thus, the structural data indicate that deformation involved a component of sinistral shear parallel to the structural grain of the Ross Orogen.
A previous Rb-Sr analysis of granite collected from the O'Brien Peak area suggested a 490 ‫ע‬ 20 Ma crystallization age (whole-rock age), whereas discordant Rb-Sr analyses of muscovite (460 ‫ע‬ 20 Ma) and biotite ( Ma) suggested subse-450 ‫ע‬ 20 quent Ordovician deformation at ∼450 Ma (Craddock et al. 1964 ). An Ordovician deformation age for rocks at O'Brien Peak is substantially younger than the late Early to Late Cambrian ages that typify the timing of contractional deformation for more than 2000 km of the Ross Orogen, from the Pensacola Mountains to South Victoria Land (Rowell et al. 1992; Encarnació n and Grunow 1996; Rowell et al. 2001; Myrow et al. 2002; Curtis et al. 2004; Paulsen et al. 2004 Paulsen et al. , 2007 and references therein) .
In an attempt to more precisely constrain the timing of sinistral shearing associated with Ross Orogen deformation at O'Brien Peak, we performed zircon U-Pb analyses to date the crystallization of the mylonitic granite (OB-4) and 40 Ar-
39
Ar step heating analyses on synkinematic white mica separated from the same mylonitic granite sample (OB-4) to constrain the postdeformational cooling age. We also dated white mica by 40 Ar analysis from an undeformed granite (OB-6) that crosscuts metamorphic foliation in the metasedimentary country rock along the south slope of the same ridge.
U-Pb Analysis
Mineral concentrates were obtained by conventional mineral separation techniques and finally handpicked under a binocular microscope. U-Pb geochronology of zircons was conducted by laser ablation multicollector inductively coupled plasma mass spectrometry at the Arizona LaserChron Center (Gehrels et al. 2006) . The analyses involve ablation of zircon with a New Wave/Lambda Physik DUV193 Excimer laser (operating at a wavelength of 193 nm) using a spot diameter of 35 mm. The ablated material is carried with helium gas into the plasma source of a GV Instruments isoprobe, which is equipped with a flight tube of sufficient width that U, Th, and Pb isotopes are measured simultaneously. All measurements are made in static mode, using Faraday detectors for 238 U and 232 Th, an ion-counting channel for 204 Pb, and either faraday collectors or ion-counting channels for Pb. Ion yields are ∼1 mV per ppm. Each analysis consists of one 20-s integration on peaks with the laser off (for backgrounds), 20 1-s integrations with the laser firing, and a 30-s delay to purge the previous Pb) and because very little mercury is present in the argon gas.
Interelement fractionation of Pb/U is generally ∼20%, whereas fractionation of Pb isotopes is generally !2%. In-run analysis of fragments of a large zircon crystal (generally every fifth measurement) with a known age of Ma (2j error) is used 564 ‫ע‬ 4 to correct for this fractionation. The uncertainty resulting from the calibration correction is generally ∼1% (2j) for both fig. 3b ). This age is within error of the Ma Rb-Sr 490 ‫ע‬ 20 whole-rock crystallization age previously reported for a granite sample from the O'Brien Peak area (Craddock et al. 1964) . Analyses that are statistically excluded from the main cluster of 14 are shown in gray in figure 3b, and these are interpreted to be due to inheritance because the zircons have closure temperatures 1900ЊC, which is greater than the ∼750Њ-850ЊC temperature of most granitic magmas (Lee et al. 1997) . Two uncertainties are reported on the plot. The smaller uncertainty is based on the scatter and precision of the set of Pb ages, weighted according to their measurement errors (shown at 1j). The larger uncertainty (ϩ9.4/Ϫ7.4), which is the reported uncertainty of the age, is determined as the quadratic sum of the weighted mean error plus the total systematic error for the set of analyses. The systematic error includes contributions from the standard calibration, age of the calibration standard, composition of common Pb, and U decay constants and is generally ∼1%-2% (2j). This larger uncertainty on the age should be used in comparing the U-Pb age with other ages, such as Ar-Ar ages. 
Ar Analyses
We expected samples OB-4 (deformed) and to have similar 40 Ar cooling ages but nevertheless analyzed crystals from both samples in order to provide confirming dates for the younger age limit of deformation at this important site. Analyses were conducted at the Ohio State University 40 Ar geochronology laboratory. We analyzed around 50 mg of mica from each sample. Mineral concentrates were obtained by conven- Ar incremental release spectra for white mica separates from the mylonitic (OB-4) and undeformed (OB-6) granites at O'Brien Peak. Vertical axis represents age (Ma) and ratio of K/Ca and K/Cl released; horizontal axis is cumulative percent 39 Ar released. The thickness of the bars on the age spectrum plots are ‫1ע‬j, whereas the uncertainties on the reported plateau ages are ‫2ע‬j. 40 Ar in the analyzed step. c Apparent age with 1j uncertainty, assuming age of standard Ma (Renne et al. 1994 ). MMhb-1 p 523.5 tional mineral separation techniques and finally handpicked under a binocular microscope. Argon from the samples was released by incremental step heating in a resistance furnace before mass spectrometric analyses. All 40 Ar mineral ages are corrected with an internal standard calibrated against the standard MMhb-1 (Alexander et al. 1978 ) with a nominal age of 523.5 m.yr. (Renne et al. 1994) and are portrayed as age spectra along with Ca/K and Cl/K spectra in figure 4. Samples OB-4 and OB-6 yielded consistent intermediate-to hightemperature plateau ages of Ma (2j uncer-473 ‫ע‬ 3 tainty; MSWD of steps 4-) and Ma 9 p 0.3 478 ‫ע‬ 3 (2j uncertainty; MSWD of steps 2-), re-8 p 0.8 spectively, which are within error of each other. The analytical data are reported in table 2.
Discussion and Conclusions
On a regional scale, the 489.0 ϩ9.4/Ϫ7.4 Ma U-Pb zircon crystallization age for OB-4 is consistent with the timing of widespread emplacement of granites after ∼500 Ma in the Ross Orogen (Borg et al. 1990; Stump 1995; Encarnació n and Grunow 1996; Allibone and Wysoczanski 2002 (Baldwin et al. 1995 ; Grunow and Encarnació n 2000a). However, unlike the majority of !500 Ma granitoids in the Ross Orogen, which are typically undeformed, the granite at O'Brien Peak contains a subsolidus deformation fabric (Paterson et al. 1989) , indicating that defor-mation must postdate its crystallization and, thus, must be younger than ∼490 Ma. Deformation of the O'Brien Peak granite therefore postdates the 541-521 Ma sinistral transpressional deformation of basement rocks in the vicinity of the Miller Range (i.e., ductile tectonites of the Nimrod Group; Goodge et al. 1993b) . It also postdates the earlier phases of supracrustal contractional deformation at 581-526 Ma in the Scott Glacier area (Encarnació n and Grunow 1996; Stump et al. 2007 ) and the pre-531 Ma, pre-546 Ma, and pre-551 Ma deformations in South Victoria Land (Rowell et al. 1993; Hall et al. 1995; Encarnació n and Grunow 1996; Cook and Craw 2001; Cottle and Cooper 2006) . It is also at the tail end of late Early to Late Cambrian supracrustal deformation documented elsewhere in South Victoria Land (Encarnació n and Grunow 1996; Jones 1997), the central Transantarctic Mountains (Myrow et al. 2002; Goodge et al. 2004; Paulsen et al. 2007 ), the Queen Maud Mountains (Encarnació n and Grunow 1996; Encarnació n et al. 1999; Grunow and Encarnació n 2000a; Paulsen et al. 2004) , and the Pensacola Mountains (Curtis et al. 2004 ).
The 40 Ar ages of the synkinematic white mica ( ) and of the white mica from the 473 ‫ע‬ 3 Ma undeformed granite ( ) provide the tim-478 ‫ע‬ 3 Ma ing of cooling following Ross Orogen deformation at O'Brien Peak because the closure temperature for white mica ( ; Dodson 1979) is less 375Њ ‫ע‬ 25ЊC than the temperatures expected for the observed crystal plastic deformation of feldspar in sample OB-4 (∼400Њ-500ЊC; Passchier and Trouw 1996) . Collectively, the cooling ages reported herein are broadly consistent with the timing of metamorphic cooling elsewhere in the orogen. In the central Transantarctic Mountains, ductile tectonites from the vicinity of the Miller Range ( fig. 1a ) have 40 Ar hornblende cooling ages of 525-487 Ma and muscovite cooling ages of 508-486 Ma (Goodge and Dallmeyer 1992, 1996) . Similar 40 Ar ages have been found in the central Transantarctic Mountains for metamorphic muscovite ( ), bi-486 ‫ע‬ 4 Ma otite ( ), and whole-rock slate ( 481 ‫ע‬ 4 Ma 492 ‫ע‬ 4 ) from supracrustal rocks in the and 485 ‫ע‬ 4 Ma Nimrod Glacier area (Goodge et al. 2004 ); for muscovite ( ) and biotite ( ) from 497 ‫ע‬ 4 Ma 488 ‫ע‬ 4 Ma supracrustal rocks in the area between the Nimrod and Beardmore glaciers (Goodge et al. 2004) ; and for amphibole ( ) and biotite ( 485 ‫ע‬ 3 Ma 460 ‫ע‬ 3 ) in the Byrd Glacier area . Ma In the Queen Maud Mountains (Shackleton Glacier area; fig. 1a ), metamorphosed igneous and sedimentary rocks have hornblende cooling ages of , white mica cooling ages of 489-475 500 ‫ע‬ 5 Ma Ma, and biotite cooling ages of (Paulsen 491 ‫ע‬ 3 Ma et al. 2004) .
The new isotopic age data reported here may broadly bracket the rate of orogenic cooling at O'Brien Peak during the Ross Orogeny. Using the most conservative endmembers of our age data, the U-Pb zircon crystallization age (498 Ma; zircon closure temperature 900ЊC) and the 40 Ar cooling age from the OB-4 (synkinematic) white mica (470 Ma; white mica closure temperature 400ЊC), indicates an average cooling rate of ∼18ЊC/m.yr. in the O'Brien Peak area. The postkinematic cooling rate could be equivalent, but the available data also allow faster or slower rates, depending on the exact timing of deformation. However, rates within this range are similar to previously reported postkinematic cooling rates in the central Transantarctic Mountains (Goodge and Dallmeyer 1996; Goodge et al. 2004 ) and the southern Transantarctic Mountains in the Shackleton Glacier area (Paulsen et al. 2004) , which suggests rapid postkinematic denudation rates within the orogen. The average cooling rate indicated at O'Brien Peak might therefore also reflect rapid denudation of the orogen in the Late Cambrian to Early Ordovician.
On a regional scale, Ross Orogen deformation appears to be characterized by contraction at a high angle to the orogenic axis (Kleinschmidt et al. 1992; Goodge 2002 ), but there is growing evidence that orogenesis also included orogen-parallel displacements. Isotopic age constraints indicate that deformation included a component of strike-slip deformation in South Victoria Land before 526 Ma (Cook and Craw 2001) , in the vicinity of the Miller Range at 541-521 Ma (Goodge et al. 1993a (Goodge et al. , 1993b , in the Shackleton Glacier area during and/or after the Early Cambrian (Paulsen et al. 2004) , and in the Pensacola Mountains at ca. (Curtis et 505 ‫ע‬ 5 Ma al. 2004) . Kinematic indicators from these areas suggest sinistral shear parallel to the structural grain of the orogen, with the exception of South Victoria Land, where dextral movement is indicated within shear zones before 531 Ma (Cook and Craw 2001) . Goodge et al. (1993a) suggested that deep-seated (125 km) orogen-parallel ductile displacements in the Miller Range developed because of left-oblique subduction, as a consequence of the deeper and thus weaker parts of the orogen responding to oblique plate motions. Curtis et al. (2004) and Paulsen et al. (2004) suggested that sinistral transpression in the Pensacola Mountains and Shackleton Glacier areas, respectively, may record a continuation of left-oblique subduction into the Middle Cambrian.
Our new structural and isotopic data provide the youngest evidence yet for sinistral shearing parallel to the structural grain of the orogen. These new results, in conjunction with the growing evidence for sinistral shearing within the Ross Orogen, suggest that left-oblique subduction may have extended into the Early Ordovician along the paleoPacific margin of Gondwana. In conjunction with the oblique subduction, lateral extrusion of crustal blocks (e.g., Tapponnier et al. 1982) Van Schmus et al. 1997 ) 500 ‫ע‬ 4 and in the majority of the post ∼500 Ma granitoids within the belt might indicate that strain was likely partitioned laterally, and perhaps vertically, within the orogen. Indeed, the orogen-parallel sinistral shearing at localities like O'Brien Peak, in the midst of an orogen dominated by contractional folding and faulting (Kleinschmidt et al. 1992; Goodge 2002) , is expected if strain was partitioned laterally, as is commonly the case in obliquely convergent zones (Jarrard 1986; Platt 1993) .
Considering the uncertainties in the granite's UPb crystallization age, it is also possible that sinistral deformation at O'Brien Peak largely postdates the majority of contractional deformation within the Ross Orogen. The possible causes for the change in deformational style could be related to changes in plate motions and geometries. An intriguing possibility, for example, is that sinistral oblique shear at O'Brien Peak could have developed during postorogenic extension in a transtensional environment, concomitant with left-oblique subduction during slab rollback shortly after crustal thickening in the Cambrian. Indeed, there is evidence for postorogenic extension rather than contraction at this time elsewhere along the paleoPacific margin of Gondwana. In the Delamerian Orogen, the northern extension of the Ross Orogen in Australia, posttectonic plutonism (!490 Ma), rift-related volcanism (∼500 Ma), and rapid cooling have been attributed to rapid !500 Ma postorogenic extension during rollback of the subducting slab (Turner et al. 1996; Foster and Gray 2000) . The widespread intrusion of magmas at !500 Ma could have weakened the crust, thereby promoting the partitioning of strain within the Ross Orogen. The slab rollback model is attractive because it serves to explain the sinistral-oblique normal shear indicated by structural data at O'Brien Peak. The model is also consistent with the apparent absence of contractional deformation over widespread areas of the Ross Orogen after ∼495 Ma, and it provides an explanation for the widespread intrusion of posttectonic plutons !500 Ma and the rapid cooling indicated by thermochronology elsewhere in the orogen and possibly in the O'Brien Peak area.
The identification of late sinistral shearing in the Ross Orogen adds a new dimension to the structural history of this important mountain belt and should be incorporated in models for the paleoPacific margin of Gondwana.
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